The virulence of Plasmodium falciparum, the causative agent of the deadliest form of human malaria, is attributed to its ability to evade human immunity through antigenic variation. These parasites alternate between expression of variable antigens, encoded by members of a multicopy gene family named var. Immune evasion through antigenic variation depends on tight regulation of var gene expression, ensuring that only a single var gene is expressed at a time while the rest of the family is maintained transcriptionally silent. Understanding how a single gene is chosen for activation is critical for understanding mutually exclusive expression but remains a mystery. Here, we show that antisense long noncoding RNAs (lncRNAs) initiating from var introns are associated with the single active var gene at the time in the cell cycle when the single var upstream promoter is active. We demonstrate that these antisense transcripts are incorporated into chromatin, and that expression of these antisense lncRNAs in trans triggers activation of a silent var gene in a sequence-and dose-dependent manner. On the other hand, interference with these lncRNAs using complement peptide nucleic acid molecules down-regulated the active var gene, erased the epigenetic memory, and induced expression switching. Altogether, our data provide evidence that these antisense lncRNAs play a key role in regulating var gene activation and mutually exclusive expression. malaria | Plasmodium falciparum | var genes | noncoding RNA | exclusive expression
The virulence of Plasmodium falciparum, the causative agent of the deadliest form of human malaria, is attributed to its ability to evade human immunity through antigenic variation. These parasites alternate between expression of variable antigens, encoded by members of a multicopy gene family named var. Immune evasion through antigenic variation depends on tight regulation of var gene expression, ensuring that only a single var gene is expressed at a time while the rest of the family is maintained transcriptionally silent. Understanding how a single gene is chosen for activation is critical for understanding mutually exclusive expression but remains a mystery. Here, we show that antisense long noncoding RNAs (lncRNAs) initiating from var introns are associated with the single active var gene at the time in the cell cycle when the single var upstream promoter is active. We demonstrate that these antisense transcripts are incorporated into chromatin, and that expression of these antisense lncRNAs in trans triggers activation of a silent var gene in a sequence-and dose-dependent manner. On the other hand, interference with these lncRNAs using complement peptide nucleic acid molecules down-regulated the active var gene, erased the epigenetic memory, and induced expression switching. Altogether, our data provide evidence that these antisense lncRNAs play a key role in regulating var gene activation and mutually exclusive expression. malaria | Plasmodium falciparum | var genes | noncoding RNA | exclusive expression T he most devastating form of human malaria is caused by Plasmodium falciparum. This protozoan parasite is estimated to be responsible for the death of up to 1 million people each year, primarily pregnant woman and young children (1) . This intracellular parasite replicates within the circulating blood of an infected individual, and its virulence is attributed to its ability to modify the surface of the infected RBCs (iRBCs) and to undergo antigenic variation (2) . The main antigenic ligands responsible for the cytoadhesive properties of the iRBCs are variable surface proteins named P. falciparum erythrocyte membrane protein-1 (PfEMP1) (3). These highly polymorphic proteins bind several endothelial receptors, leading to sequestration of iRBCs, which then avoid clearance by the spleen. To avoid the antibodymediated response against these antigens, the parasites have evolved a tight mechanism of antigenic switches between expression of different variants of PfEMP1 (4) . PfEMP1s are encoded by the multicopy gene family named var, and each of the ∼60 var genes in the parasite's genome encodes a different variant of PfEMP1 (5) . The var genes are expressed in a mutually exclusive manner (i.e., the parasites express only a single var gene at a time, whereas the rest of the var gene family remains transcriptionally silent) (6, 7) . Thus, switches in expression to different var genes, each expressed in a mutually exclusive manner, enable the parasite to evade immune attack and maintain long-term chronic infections.
Changes in var gene expression and the resulting antigenic variation appear to be controlled at the level of transcription (6) and do not require DNA rearrangements. Therefore, silencing and activation of these genes are believed to be epigenetically regulated and were shown to involve processes of chromatin modification, subnuclear localization, promoter/promoter interactions, and sterile RNAs (8) .
Each individual var gene contains the regulatory elements that enable it to maintain a transcriptionally silent state, even while an adjacent gene may be active, and to be "counted" by the mutually exclusive expression mechanism. Apparently, functional antigen production is not required for mutually exclusive expression (9, 10) , which, in turn, was found to be dependent on the activity of two promoters found in each var gene, one upstream of the coding region and responsible for production of the mRNA and the second within a conserved intron found within each gene (11) (12) (13) . Transcriptional activity of both var upstream and intron promoters is mediated by PolII (14) , and whereas the var upstream promoter gives rise to the mRNA coding for PfEMP1 production, the bidirectional intron promoter gives rise to rather large sterile transcripts: about 2-2.5 kb in the forward orientation and 1.7 kb in the reverse orientation (15) . These long noncoding RNAs (lncRNAs) do not have ORFs, and although they are capped, they are not polyadenylated, indicating that these sterile transcripts might be retained and function in the nucleus. Indeed, var-intron sense lncRNAs have been shown to be associated with chromatin (15) . It has been postulated that the sense sterile transcripts of var introns might have a role in regulating epigenetic memory by imprinting var genes for silencing Significance How cells specifically express only a single gene among numerous equivalent copies within their genomes is one of the unsolved mysteries in the field of eukaryotic gene expression. The molecular mechanisms that underlie mutually exclusive gene expression are the key for understanding the virulence of Plasmodium falciparum, the parasite responsible for the deadliest form of human malaria. P. falciparum expresses its primary virulence determinants in a mutually exclusive manner and evades human immune attack through switches in expression between different variants of a large gene family named var. We found that var-specific antisense long noncoding RNA molecules incorporate into chromatin and determine how parasites select a single gene for expression while the rest of the family is maintained silenced. similar to chromosome X inactivation (Xist) in mammals and dosage compensation (Rox1 and Rox2) in Drosophila (15) . There are several indications to support this hypothesis: First, the intron promoter is transcriptionally active in the forward orientation at the time in the cell cycle when var upstream promoters are silent (16) ; second, the sequence of the transcripts in this orientation is similar among most of the var gene family because it is encoded by the highly conserved second exon of var genes; and, third, these transcripts appear to be present in all var genes that were examined, whereas var upstream promoters are subjected to mutually exclusive expression (5) .
Very little is known about the var-intron antisense lncRNAs, and although some studies associated these transcripts with silent var genes, others provided evidence associating them with active genes (14, 15, (17) (18) (19) . Nonetheless, their possible role in var gene regulation remains unknown. Given the fact that the intronic antisense lncRNA complements the variable region of var genes, we hypothesized that the antisense lncRNAs might be involved in activation of a specific var gene. Here, we show that these antisense lncRNAs are associated specifically with the single active var gene at the time of the cell cycle when var genes are active. Moreover, we demonstrate that expression of these transcripts in trans induces var gene activation, and that interference with these antisense transcripts leads to repression of the active gene, erases epigenetic memory, and induces expression switching.
Results
Antisense Noncoding RNAs Expressed by var Introns Are Associated with the Active var Gene. We initially observed that the levels of var transcripts measured by RT-quantitative PCR (qPCR) on cDNA produced with random primers, using a primer set designed to the 3′ of exon 1, are approximately double the levels measured by a primer set designed to the 5′ of the same exon RelaƟve Copy Number DC-J 'off' were used as negative controls, whereas arginyl-tRNA synthetase was used as the positive control. Error bars represent SEs. The PbDT 3′ UTR is marked with a black rectangle, and the DC-J integration site at the 5′ UTR is marked with a bold gray line.
( Fig. S1 A and B) , although both primer sets had identical amplification efficiency. We reasoned that because the promoter within the intron is bidirectional, the 3′ primer set could potentially detect both the var mRNA and the antisense lncRNA of the intron. We therefore hypothesized that the antisense transcripts could be associated with the active var gene. To test if var-antisense transcripts are associated with the particular transcriptional status of an individual var gene, we initially used three clonal populations of the NF54 line (C3, C350, and chondroitin sulfate A-selected), each predominantly expressing a different var upstream promoter (PFD1005c, PFB1055c, and PFL0030c, respectively) (Fig. S1C, Left) . To differentiate between the mRNA and the antisense lncRNA, we synthesized strand-specific cDNAs from each clonal population (Materials and Methods), and the levels of mRNA and intron antisense lncRNAs were measured from the predominantly active var gene and two silent genes in each of these populations. In the active genes, both mRNA and antisense lncRNA were detected using the primer set designed to amplify from the 3′ of exon 1. However, only mRNA, and not the antisense transcripts, was detected when using the primer set designed to amplify at the 5′ of exon 1, a region that the antisense transcript does not reach. In contrast, no mRNA or antisense lncRNA was detected from the silent var genes in each of the clonal populations (Fig. S1C , Right). To confirm these observations, we used the DC-J transgenic parasite line (9) , which allows selecting for activation of a specific var gene (PFB1055c-bsd), thereby ensuring that the rest of the family is completely silent (Fig. 1A) . We initially analyzed a clonal population of this line in which the transgene was silent and another var gene (PFD1015c) was active (Fig. 1B , Left Upper). We performed the same strand-specific cDNA synthesis as described above to differentiate between mRNA and the intronic antisense lncRNA. As in the NF54 WT clones, we could detect the antisense lncRNA only from the active gene, whereas no transcript was detected from the silent var genes (PFB1055c-bsd and PFF0845c) (Fig. 1B , Right Upper). As expected, the antisense transcripts were only detected by primers designated to the 3′ of exon 1. This parasite population was then grown under drug selection (2 μg/mL blasticidin S), thus forcing it to switch and exclusively express another var gene (PFB1055c-bsd) (Fig. 1C , Left Lower). In these parasites as well, the intronic antisense lncRNAs were detected exclusively from the active var gene PFB1055c-bsd, and not from the silent var genes (Fig. 1C , Right Lower). In the DC-J transgenic line, the long first exon of PFB1055c was replaced with the short bsd cassette (1,350 bp). Therefore, to be able to distinguish between detection of mRNA and antisense, we used RT-PCR with a forward primer located at the 5′ UTR of PFB1055c and a reverse primer located in the bsd coding region. Both mRNA and antisense from the active var gene were detected using the 3′BSD primer set, whereas the 5′upsBSD primer set could detect only the mRNA (Fig. 1D ). In addition, these intronic antisense transcripts were only detected from the active gene at the time in the cell cycle when the var upstream promoter is active. In both DC-J "on" and "off" drug selection, as well as in the NF54 clones C3 and G6, the antisense transcripts were only detected in tightly synchronized parasites 18 h postinvasion (hpi) and not in late stages (36 hpi) (Fig. S1D ).
These observations are consistent with recent RNA-sequencing data from clonal parasite populations (17) . Altogether, these data shows that var antisense lncRNAs are associated with the single active var gene and that these transcripts are detected in late ring stages at the time when the single var upstream promoter is transcriptionally active.
Antisense lncRNA Is Incorporated into Chromatin. The var antisense lncRNA is transcribed by PolII (14) , and although it is capped, it appears not to be polyadenylated, and thus is believed to remain in the nucleus (15) . In recent years, it has been observed that transcriptional enhancers can recruit PolII to specific loci and mediate transcription of lncRNAs, which were postulated to be involved in gene regulation, possibly through incorporation into chromatin structures and recruitment of transcription factors and epigenetic modulators (20) . Therefore, as a first step to investigate the possibility that var antisense transcripts have a regulatory role, we were interested to check if they are associated with chromatin. We performed ChIP using antibodies against the core histone H3, and α-C-myc antibodies were used as negative controls. The precipitated RNA was used as a template for strand-specific cDNA synthesis that enabled us to compare the level of enrichment of these antisense transcripts in active and silent var genes. We used the same clones of the DC-J transgenic line mentioned above ( Fig. 1 ) after drug selection, where the transgene (PFB1055c-bsd) is active and all the remaining var genes are silent (DC-J-on), and compared it with the clone that grew without drug and predominantly expressed PFD1015c (DC-J-off). An additional advantage of using this line is that it enables us to distinguish between the PFB1055c-bsd mRNA, antisense lncRNA, and sense lncRNA by using different sets of primers ( Fig. 2A) . Following ChIP and RNA recovery of synchronized ring-stage parasites, the transcript levels were measured by RT-qPCR and the level of enrichment was calculated relative to the values from the same parasite cultures before performing ChIP (input). We found that in DC-J-on, the antisense of the active gene (PFB1055c-bsd) was significantly enriched in the α-H3 ChIP fraction compared with the input, whereas the antisense transcript of the silent gene could not be detected ( Fig. 2 C and D, Upper) . Similarly, in the DC-J-off line, where PFD1015c was predominantly expressed, its antisense transcript was significantly enriched in the ChIP fraction, whereas only low levels of antisense transcripts could be detected from PFB1055c-bsd, which is mostly silenced in this line ( Fig. 2 C and D, Lower). In both lines, the sense noncoding transcripts of the intron, which are known to be incorporated into chromatin (15) and are expressed from numerous silent var genes, were significantly enriched in the α-H3 fraction as expected, indicating successful IP of these sterile transcripts. Similar to previous studies, we could detect low levels of sense transcripts in early stages even though these sense transcript are known to be highly transcribed in late stages (15, 16, 21) . No transcripts were enriched when α-C-myc antibodies were used as negative controls for the IPs (Fig. 2 C and D) , as expected, because chromatin was selectively pulled down by α-H3 and not α-C-myc antibodies (Fig. 2B) . Interestingly, detectable levels of mRNA of the selected transgene (PFB1055c-bsd) were precipitated with H3 antibody, whereas no levels of mRNA transcripts were detected when the endogenous PFD1015c was active in the DC-J-off line. However, only the lncRNAs were enriched by ChIP, whereas mRNAs were not. These results suggest that the var antisense lncRNAs, which are associated with the single active var gene, are incorporated into chromatin.
Silent var Gene Is Activated by Expression of Its Specific Antisense
Transcript. The association of the var-intron-derived antisense lncRNA with the single active var gene and their interaction with chromatin led us to hypothesize that these particular sterile transcripts might play a role in var gene activation. To address this possibility, we transfected the DC-J-off line, where the transgene PFB1055c-bsd is silent (and does not express antisense noncoding RNA) and the endogenous var gene PFD1015c is predominantly active, with a plasmid that expresses the specific antisense transcript of the silent var PFB1055c-bsd (Fig. 3) . We monitored the expression of the entire var gene family using RT-qPCR to determine if the expression of the antisense lncRNAs in trans could influence var gene expression. To exclude the possible effect of spontaneous switching events, these patterns were compared with the expression of the entire var gene family in DC-J-off parasites that were not transfected and grown in parallel. In addition, we compared var expression with parasites that were transfected with a mock plasmid expressing luciferase instead of the sterile transcripts, as well as a plasmid in which the antisense transcript is fused to an unrelated 3′ UTR (Fig. 3A) . Both parasite populations that were either not transfected or transfected with the mock plasmid had similar var expression patterns, and both predominantly expressed PFD1015c (Fig. 3B , Upper and Middle Upper, respectively). However, this expression pattern was altered in the DC-J-off parasites transfected with the plasmid expressing the PFB1055c intronic antisense transcripts. In this population, the transcript levels of PFD1015c were down-regulated, whereas the transcript level of PFB1055-bsd was up-regulated more than threefold without any blasticidin selection (Fig. 3B , Middle Lower). These data suggest that expression of particular var antisense lncRNAs in trans can alter their mRNA expression patterns and increase the activation rate of a specific var gene. Interestingly, parasites that were The levels of strand-specific cDNA were measured by RT-qPCR relative to arginyl-tRNA synthetase (PFL0900c). The active gene in each parasite line is marked with a red arrowhead. Each value is the average of two biological replicates and three technical triplicates. Error bars represent SEs. Samples differences were tested using the Student's t test at P < 0.05.
transfected with episomes in which the antisense transcripts were fused to an unrelated 3′ UTR showed similar activation levels of the PFB1055-bsd and down-regulation of PFD1015c (Fig. 3B , Lower).
We noted that the level of steady-state antisense lncRNAs was approximately doubled when they were fused to the 3′ UTR. All transfected parasite populations carried similar copy numbers of the expression vectors (Fig. 3B, Right) .
To verify that the up-regulation effect of the episomal antisense is sequence-specific, the antisense expression vector was transfected into a clonal NF54 population (A3) that predominantly expresses PFF0845c. This WT line does not contain the sequence found in the transgene PFB1055c-bsd, and thus does not share any sequence similarity with the episomal antisense transcripts. As we hypothesized, the antisense of the transgene PFB1055c-bsd had no effect on var transcription in the WT NF54 population, indicating that the mechanism of activation is sequence-specific (Fig. S2) .
We tested whether this transcriptional alteration is indeed a consequence of a switch in var gene expression by putting these parasites under blasticidin pressure and measured their growth 1055 Dh, which was used to express the specific antisense lncRNA of PFB1055-bsd (Middle Upper); the plasmid phLI 1055 Dh, which expresses an unrelated sequence (luciferase) that was used as a negative control (Middle Lower); and the plasmid p3′BbIDh, which expresses the antisense lncRNA of PFB1055-bsd fused to an unrelated 3′ UTR (Lower). The locations of the differential primers used for RT-qPCR are indicated by arrows. The PbDT 3′ UTR is marked with a black rectangle. (B, Left) Steady-state mRNA levels of the entire var gene family measured by RT-qPCR from DC-J-off (Upper), DC-J-off transfected with the control plasmid phLI 1055 Dh expressing an unrelated sequence (Middle Upper), DC-J-off transfected with the plasmid pBbI 1055 Dh expressing the var-specific antisense transcript (Middle Lower), and DC-J-off transfected with the plasmid p3′BbI 1055 Dh expressing the var-specific antisense transcript terminated by an unrelated 3′ UTR (Lower). RNA was extracted from tightly synchronized ring-stage parasites (∼18 h postinvasion). (B, Right) Plasmid copy number measured by qPCR of genomic DNA is presented. (C) Growth curves of parasite populations grown under selection with 2 μg/mL blasticidin. Growth curves were calculated for untransfected DC-J-on parasites that were preselected using blasticidin (brown); untransfected DC-J-off, where the bsd is predominantly silent (green); DC-J-off transfected with the mock plasmid phLI 1055 Dh (purple); DC-J-off transfected with the plasmid expressing the var-specific antisense pBbI 1055 Dh (light blue); DC-J-off transfected with the plasmid expressing the var-specific antisense fused with the 3′ UTR p3′BbI 1055 Dh (gray); and WT NF54 clone (A3) transfected with the plasmid expressing the var-specific antisense pBbI 1055 Dh (orange). Error bars represent SEs. rates. We assumed that the growth rate of parasites in which the PFB1055c-bsd transgene is activated, and therefore express bsd, will be faster than in parasites in which this gene is initially silent. As additional controls, we used DC-J-on parasites that had been previously selected on 2 μg/mL blasticidin, activated PFB1055c-bsd, and therefore are blasticidin-resistant. In addition, we tested the growth of blasticidin-sensitive NF54 parasites (clone A3) transfected with the vector expressing the PFB1055c-bsd antisense lncRNAs. We found that the growth rate of the DC-J-off parasites expressing the PFB1055c-bsd antisense lncRNAS from either the BI 1055 Dh or 3′BI 1055 Dh expression vector was higher than in parasites that were not transfected (DC-J-off) or in parasites that were transfected with the mock plasmid (DC-J-off + hLI 1055 Dh) (Fig. 3C) . The WT NF54 parasites transfected with the antisense expression vector (A3 + BI 1055 Dh) died after blasticidin selection and never recovered (Fig. 3C) . Similar upregulation of a silent var gene was obtained when expressing these antisense noncoding RNAs (ncRNAs) in another transgenic line [B15C2 (9)] where var PFL0020w was integrated with bsd cassette that enables its activation in a mutually exclusive manner (Fig. S3) . Without bsd selection, these parasites undergo normal in vitro var switching. We identified a parasite population where the PFL0020w-bsd transgene was silent (B15C2-G) and transfected it with vectors expressing either the specific antisense lncRNAs (BbIYh) or a mock plasmid expressing an unrelated sequence (hLIYh) (Fig. S3A ). In these experiments as well, the expression of the specific antisense transcripts activated the endogenous PFL0020c-bsd, whereas the mock plasmid had no effect ( Fig. S3 B and C) . These results suggest that expression of particular var antisense ncRNAs in trans accelerates var gene activation, providing the first evidence, to our knowledge, of the involvement of these sterile transcripts in var gene regulation.
DC-

Activation of var Genes by the Antisense lncRNA Is Sequence-Specific
and Is Independent of PolII Transcription. Both sense and antisense ncRNAs derived from the promoter found within the var intron are transcribed by PolII (14) . We were interested to test if activation of var genes by the antisense transcripts is PolIIdependent. Therefore, the PolII-dependent promoter in our expression vectors was replaced with a PolI-dependent promoter (rRNA promoter) so that the antisense of the transgene PFB1055c-bsd is transcribed by PolI (pBbRDh). We have previously shown that var silencing is regulated by specific DNA elements [pairing elements (PEs)] found in each var upstream regulatory region and intron (22) . As a consequence of their position within each intron, these PEs are found also in each of the var antisense transcripts. Therefore, in one of our expression vectors, we fused the sequence containing the var PE motif immediately after the PolI promoter (pBb I5 RDh) (Fig. 4A) . These plasmids were transfected into the DC-J-off clone, where the transgene PFB1055c-bsd is silent (Fig. 4B, Upper) . We found that the var antisense transcripts activated the PFB1055c-bsd even when they are expressed by a PolI promoter. Moreover, when the PEs are added to these transcripts, the level of activation increased as reflected in the increase in bsd mRNA transcription level, as well as in the increase in the growth rate under blasticidin selection (Fig. 4 B and C) . Transfection of the same parasite line with mock plasmids expressing unrelated sequences by a PolI promoter, with or without the PEs, did not alter var gene activation (Fig. S4) . These results indicate that activation of var genes by the antisense transcripts is sequencespecific but is independent of PolII transcription per se.
Dose-Dependent Transcriptional Activation of Endogenous var Genes
by Gradual Overexpression of Their Specific var Antisense lncRNA. To explore the possibility that the antisense ncRNAs can activate var genes in a dose-dependent manner, we took advantage of a parasite line that contains several copies of var-luciferase (var-luc) transgenes, which were integrated into the genome as four concatameric repeats [D10 (23)]. In each of these four var-luc transgenes, luciferase expression is controlled by the var upstream promoters, but because these var upstream promoters are paired with an intron, they are silent by default and express no luciferase. In addition to these paired var upstream promoters, this parasite line contains a var upstream promoter that is unpaired with an intron, and thus constitutively expresses low levels of luciferase (Fig. S5A, Upper ). This parasite line was then transfected with a plasmid that expresses the specific antisense of the transgenes (pLhIBb) or a mock plasmid expressing an unrelated sequence (phGIBb) (Fig. S5A) . The use of blasticidin as a selectable marker enables fine-tuned selection of parasites that carry increasing numbers of the expression vectors, and thus enables one to express increasing levels of any gene of interest as previously shown (21, 24) . Following selection on 2 μg/mL blasticidin, the cultures were split and exposed to increasing concentrations of 6 and 10 μg/mL blasticidin. As expected, both new lines expressed increasing levels of either the episomal antisense (luc) or the unrelated sequence (GFP) (Fig. S5B ) from the pLhIBb and phGIBb plasmids, respectively. In each of these transfected lines, the activity of the endogenous var-luc was monitored by RT-qPCR ( Fig. S5C ) and by quantifying protein activity (Fig. S5D) . We found that as we increased expression of the var-luc antisense lncRNAs, the levels of luciferase from the endogenous var-luc had increased as well in a dose-dependent manner both at the level of steady-state mRNA and luciferase activity ( Fig. S5 C and D, dark gray columns). However, increased expression of the unrelated GFP sequence had no effect on var-luc activation (Fig. S5 C and D, light gray  columns) . Overall, our data show that a cluster of multicopy var genes can be gradually activated by fine-tuned overexpression of their specific antisense lncRNAs, providing evidence for their role in var transcriptional activation.
Interference with the Antisense lncRNAs Down-Regulates the Active var Gene, Erases the Epigenetic Memory, and Induces var Gene Switching. After demonstrating that silent var genes could be activated by expressing their specific antisense lncRNAs, we were interested to test if interference with the antisense lncRNAs of the active gene would down-regulate it. We recently showed that peptide nucleic acids (PNAs) could be used to down-regulate gene expression by hybridizing to mRNAs (25) . We designed a PNA molecule that specifically complements a sequence of 17 bp found specifically in the antisense lncRNA of the active var gene (PFD1015c) in the DC-J-off parasite line. This parasite culture was split and incubated with 10 μM complementary PNA or scrambled PNA that contains the same nucleotides, which were shuffled and thus contained no sequence similarity to the P. falciparum genome. An additional culture was grown in parallel without any PNA treatment. We found that the population that was incubated with the scrambled PNA predominantly expressed PFD1015c similar to the population cultured in parallel that was not incubated with PNA (Fig. S6A , Upper and Middle). However, in the population that was incubated with the PNA molecules that complement the antisense of PFD1015c, this gene was significantly down-regulated (Fig.  S6A , Lower) and expressed steady-state mRNA levels that were ∼70% lower than the parasites that were not incubated with PNA or those parasites incubated with the scrambled PNA (Fig. S6B) . It has been shown previously that the slow switch rate of internal var genes, such as PFD1015c (26), is maintained through tight regulation of epigenetic memory (27) and that this memory is maintained by active transcription of the active gene (24) . We decided to test if down-regulation of a telomeric var gene that has a higher switch rate would erase the epigenetic memory and cause antigenic switching. We therefore designed PNAs that complement the antisense of the telomeric active var gene (PFD1055c-bsd) in the DC-J-on line and compared var transcription patterns in cultures that were incubated with the specific PNA with those cultures that were not incubated or were incubated with the scrambled PNA. We found that incubation with the scrambled PNA had no effect on var transcription and PFB1055c-bsd was predominantly expressed similar to the culture that was not incubated with PNA (Fig. 5A , Upper and Middle). However, the active gene (PFB1055c-bsd) was significantly down-regulated (∼70%) in the culture that was incubated with the specific PNAs that complement its antisense lncRNAs (Fig. 5 A, Lower and B) . Furthermore, by down-regulating the transcription levels of this gene, we erased the epigenetic memory that imprinted this gene as the active gene and induced switching to activation of other var genes in the population, which became transcriptionally heterogeneous. Altogether, this set of experiments indicates that interference with the antisense lncRNAs down-regulates the active var gene, erases the epigenetic memory, and induces var gene switching.
Discussion
The lncRNAs were shown to play an important role in epigenetic regulation of gene transcription in several eukaryotic systems (28) . However, although ncRNAs were predicted to be abundant in Plasmodium (29) (30) (31) (32) (33) (34) , their function remained unknown. Here, we provide evidence that antisense lncRNAs are involved in var gene activation. These transcripts are specifically associated with the active gene and are detected from late ring stages parallel to the time during the intraerythrocytic development when the RelaƟve mRNA-producing var upstream promoter is active. In contrast to the mRNA, which is translated into PfEMP1, we show that these antisense lncRNAs are associated with chromatin. We also show that expression of particular var antisense lncRNAs in trans activates the corresponding endogenous var gene in a sequenceand dose-dependent manner. Last, we present evidence that interference with these antisense lncRNAs leads to transcriptional repression of an endogenous active var gene, which triggers var gene switching. Thus far, the promoter found in var introns has been implicated in var silencing and considered to act as a silencer of upstream var promoter (11) (12) (13) 35) . The data presented here suggest that the bidirectional promoter within var intron may act as a silencer when expressing the sense lncRNAs and as an enhancer when expressing the antisense transcripts. It is still unclear what determines the timing and orientation of the intron promoter activity, and perhaps it involves some alternative transcription start site (TSS) found in the intron promoter (15) , which could be associated with different promoter orientation. Recent data provided evidence for the mechanism of var gene silencing and epigenetic memory linking PolII transcription of sense lncRNA to recruitment of a var-specific heterochromatin marker (17, 36) . The mechanisms by which PolII transcription in the antisense orientation is involved in var gene activation are unknown; nonetheless, our results indicate that these antisense transcripts activate var genes independent of PolII transcription. The best-studied examples for epigenetic regulation by ncRNAs include Xist in mammals (37) (38) (39) and Rox1 and Rox2 in Drosophila (40, 41) , where ncRNAs incorporated into chromatin structures initiate a cascade of events that epigenetically mark these particular loci for either silent heterochromatin or active euchromatin. Recent studies have shown that lncRNAs are associated with enhancer regions and have important roles in activating transcription of neighboring genes (42) (43) (44) (45) (46) . These lncRNAs were proposed to incorporate into chromatin and to play a role in recruiting transcription factors and chromatin modulators required for gene activation (20) . In mouse cortical neurons, PolII transcription of enhancer ncRNAs was positively correlated with the level of RNA synthesis at nearby genes, suggesting that long-distance interactions between enhancers and promoters are necessary for activation (43) . In addition, in HOXA activation, it was shown that HOTTIP (HOXA transcript at the distal tip) lncRNA functions in cis on its target genes by modifying chromatin structure and coordinates activation by recruiting specific chromatin-modifying factors to a specific genome location (45, 47) . The incorporation of var antisense lncRNAs into chromatin and their function in a sequence-dependent manner could indicate that similar mechanisms are involved in var gene activation. These antisense lncRNAs may contribute to remodeling of chromatin conformation and recruitment of activation factors to the locus of the active var gene. In addition, var antisense transcripts may contribute to the maintenance of epigenetic memory by recruiting chromatin-modifying enzymes that drive specific histone marks, which epigenetically imprint the active locus for many cells' cycles and ensure a very slow switch rate. Furthermore, var silencing by the intron promoter was shown to be mediated by insulator-like PEs that bind specific nuclear proteins (22) . The intronic PEs are found upstream to the intronic TSS; therefore, the antisense transcripts contain the complementary sequence of the PEs. The data presented here indicate that the presence of the PE sequence increases the level of activation by the antisense transcripts. It is possible that when incorporating into chromatin, these transcripts could hybridize to the cDNA sequence and interfere with the binding of nuclear proteins to the PEs. Preventing binding of proteins associated with silencing might influence chromatin conformation and change it from compact heterochromatin into loose euchromatin that enables a single var gene to be accessible for the transcriptional machinery (Fig. S7) .
Our findings that antisense lncRNAs are involved in var gene activation open new avenues to explore mutually exclusive expression of var genes, particularly how a single var gene is chosen to be active and what mechanisms are involved in the epigenetic memory.
Materials and Methods
Details of plasmid construction and methodologies that have been previously described are provided in SI Materials and Methods.
Extraction of DNA, RNA, cDNA Synthesis, and RT-qPCR. Extraction of genomic DNA and RNA and cDNA synthesis were performed as described (9, 24) . Strand-specific cDNAs from mRNA and sense transcripts were synthesized by using specific reverse (R) primers, whereas cDNA from antisense transcripts was synthesized using forward (F) primers for specific var genes as detailed in each figure and listed in Table S1 . The cDNA of the control genes was synthesized with both F and R primers specific to the following: arginyl-tRNA synthetase (PFL0900c), seryl-tRNA synthetase (PF07_0073), actin (PFL2215), and glutaminyl-tRNA synthetase (PF13_0170). For each cDNA synthesis, we have included three negative controls: without reverse transcriptase (no reverse transcriptase-F and no reverse transcriptase-R, respectively) and without primers. All primers used are listed in Table S1 . RT-qPCR was performed as described (48) . Additional primers used in this study are listed in Table S1 . All values presented are relative copy numbers to the housekeeping gene arginyl-tRNA synthetase (PFL0900c). Each value is the average of at least two biological replicates and three technical triplicates.
RNA Immunoprecipitation. RNA immunoprecipitation was done as described (49) using α-H3 antibody (Ab1791; Abcam) bound to Protein-G Sepharose beads (Santa Cruz Biotechnology). Beads bound to α-C-myc antibody (Santa Cruz Biotechnology) or no antibody were used as negative controls. Bound RNA was collected in TRIzol LS Reagent (Life Technologies) and purified on a PureLink column (Invitrogen).
PNA Synthesis and Treatment. PNA sequences, equipped with a C-terminal octalysine moiety, were synthesized as described (25) . PNA sequences are detailed in Table S2 . DC-J-on and DC-J-off parasite lines were tightly synchronized as described above. Late-stage parasites were recovered and placed back in culture. Twenty-two hours after synchronization, the drug selection from the DC-J-on parasite line was removed and each parasite line was divided into three cultures and incubated for an additional 48 h with 10 μM PNA designed to complement the antisense lncRNA of the active gene, 10 μM scrambled PNA, and no PNA treatment. Parasites from each culture were then collected for RT-qPCR analysis as described above.
